Objectives: To investigate the association of single nucleotide polymorphisms (SNPs) with nevirapine concentrations following intra-partum single-dose nevirapine.
Introduction
Intra-partum single-dose nevirapine in addition to standard zidovudine prophylaxis initiated at 28 weeks gestation is recommended for non-immunocompromised women for the prevention of mother-to-child transmission of HIV-1 (PMTCT) in resource-limited settings.
1 This PMTCT regimen can reduce HIV mother-to-child transmission to 2%. 2 However, nonnucleoside reverse transcriptase inhibitor (NNRTI) resistance mutations have been detected in 20% -70% of women postpartum who received intra-partum single-dose nevirapine and these mutations can impact the success of subsequent NNRTI-based therapies, particularly when initiated within 6 months of exposure. 3, 4 Nevirapine concentrations can persist in the plasma for up to 4 weeks post-partum following intra-partum single-dose nevirapine. 5 This prolonged period of monotherapy post-partum, in the presence of replicating viruses, can increase the risk of selecting for NNRTI resistance mutations. Indeed, high plasma nevirapine concentrations at 48 h post-partum have been associated with the emergence of NNRTI-resistant virus post-partum in mothers following intra-partum single-dose nevirapine. 6 However, the duration of nevirapine persistance is highly variable with nevirapine concentrations remaining .10 ng/mL (nevirapine IC 50 for wild-type HIV-1) for 1 -4 weeks post-partum.
Genetic polymorphisms in drug metabolizing enzymes and transporters have been shown to contribute towards antiretroviral inter-individual drug variability. 7 Nevirapine is extensively metabolized via cytochrome P450 (CYP) enzymes, in particular the isoenzymes CYP2B6 and CYP3A. 8 A single nucleotide polymorphism (SNP) in CYP2B6 516G.T, which is associated with a significant reduction in enzyme catalytic activity in the liver, 9 -11 has been reported to influence nevirapine pharmacokinetics during chronic treatment. Higher nevirapine exposure [area under the concentration -time curve (AUC)] in a Swiss cohort 12 and trough ( pre-dose) concentrations in Ugandan patients 13 have been associated with the homozygous CYP2B6 516TT genotype. In children, in addition to slower nevirapine oral clearance, the CYP2B6 516TT variant was associated with an improved immunological response. 14 Host genetic polymorphisms associated with a slower nevirapine oral clearance following a single dose could be problematic as the longer nevirapine concentrations persist post-partum the higher the risk of selecting new NNRTI resistance mutations.
To date, no data are available on the influence of host genetic polymorphisms of drug metabolizing enzymes and transporters on nevirapine concentrations following intra-partum single-dose nevirapine in HIV-infected women. The purpose of this study was to determine whether polymorphisms in CYP2B6, CYP3A4 and ABCB1 impact nevirapine plasma concentrations postpartum in Thai HIV-infected women who received intra-partum single-dose nevirapine for the prevention of perinatal HIV transmission.
Materials and methods

Study population
All plasma and DNA samples were obtained from women who participated in the perinatal HIV prevention trial-2 (PHPT-2) clinical trial (NCT00398684; www.clinicaltrials.gov), a multicentre, randomized, three-arm, double-blind, controlled study performed between 2001 and 2003 assessing the efficacy in preventing mother to child HIV transmission of intra-partum single-dose nevirapine given at the onset of labour and to the infant 48-72 h after birth in addition to zidovudine starting at 28 weeks or as soon as possible thereafter. 2 In a previous pharmacokinetic sub-study of the PHPT-2 trial we assessed the nevirapine plasma concentrations post-partum in 110 women who received an intra-partum nevirapine dose. 5 All 110 women were also included in this analysis. For this pharmacogenetic study, additional women from PHPT-2 were selected based on the timing of their post-partum sample and time of nevirapine intake.
To maximize the number of women with detectable nevirapine concentrations post-partum, women with plasma samples available at delivery and 9-11 days post-partum were selected. Women who received more than one dose of nevirapine (i.e. for false labour or a prolonged labour) were excluded. No concomitant treatments with drugs that affect nevirapine pharmacokinetics were used in these women. A total of 330 women had DNA and plasma samples available for analysis. Among these women, 640 plasma samples between delivery and 21 days post-partum were available.
All women provided written informed consent for the PHPT-2 study ( performed between 2001 and 2003), which included the use of stored samples for future research following specific ethical clearance. This specific retrospective analysis, performed on anonymized DNA and plasma samples, was approved by the Ethics Committee of the Faculty of Medicine, Ramathibodi Hospital and the Faculty of Associated Medical Sciences, Chiang Mai University, which agreed a request for a waiver of consent.
Identification of genetic variants
In PHPT-2, venous blood samples were obtained from mothers immediately after delivery and 10 days, 6 weeks and 4 months postpartum for pharmacokinetic and virological studies. For each blood draw the remaining EDTA cell pellets were stored at 2208C. DNA was isolated from the stored EDTA cell pellets using the QIAamp w DNA Blood Mini Kit (Qiagen, Hilden, Germany). Genomic DNA was quantified by a UV spectrophotometer ND-1000 (NanoDrop Technologies, Wilmington, DE, USA), at 260 nm. Genetic polymorphisms were identified by real-time PCR as previously described. 15 A total of nine SNPs within CYP2B6, CYP3A4 and ABCB1 were genotyped. The GenBank accession numbers of CYP2B6, CYP3A4 and ABCB1 used in this study are NG_000008.7, NG_000004.3 and NT_007933.15, respectively. Within CYP2B6, five SNPs were selected: two SNPs, c.516G.T (rs3745274) and c.785A.G (rs2279343) previously reported to influence enzyme activity; 10 and three CYP2B6 tagSNPs, g.3003T.C (rs8100458), g.18492T.C (rs2279345) and g.21563C.T (rs8192719), identified using HapMap (www.hapmap.org) data on Japanese and Han Chinese populations with an r 2 of .0.8. Three CYP3A4 SNPs were selected: g.-486G.A; g.-392A.G (rs2740574); and c.878T.C (rs28371759). These were identified using the CYP3A4 SNP database available through the Thailand SNP Discovery Project (www4a.biotec.or.th/thaisnp) and were within coding or promoter regions. One SNP in the ABCB1 gene, c.3435C.T (rs1045642), that has been reported to be associated with antiretroviral drug concentrations was also selected. 16 Pre-designed TaqMan assays (Applied Biosystems, Foster City, CA, USA) were used to genotype CYP2B6 g.3003T.C (assay ID C_2818167_10), c.516G.T (assay ID C_7817765_60), g.18492T.C (assay ID C_26823975_10) and g.21563C.T (assay ID C_22275631_10) and ABCB1 c.3435C.T (assay ID C_7586657_20). 
Sample preparation and nevirapine assay
Blood samples were centrifuged, and the plasma was aliquotted and frozen at -208C. Plasma nevirapine concentrations were measured at the Faculty of Associated Medical Sciences, Chiang Mai University, using an HPLC assay described previously. 17 The nevirapine assay had an average accuracy of 104%-112%, precision (inter-and intra-assay) of ,5% for the coefficient of variation and a lower limit of quantification of 50 ng/mL. This laboratory participates in the international external quality control programme of the AIDS Clinical Trials Group (ACTG), Pharmacology Quality Control (Precision Testing) programme. 18 
Population pharmacokinetic analysis
Population pharmacokinetic analysis was performed using the population mixed-effect modelling program NONMEM VI. 19 Nevirapine concentration data from the additional 220 women available in this study were nested with the nevirapine concentration data from our prior population pharmacokinetic analysis using a one-compartment model with first order absorption. 5 A total of 640 plasma samples were available. Post-hoc individual parameters were used to estimate the AUC and duration of time nevirapine concentration exceeded 10 ng/mL post-partum.
Statistical analyses
Deviation of genotype frequencies from Hardy -Weinberg equilibrium expectations was assessed using exact tests. 20 A Kruskal -Wallis test was used to assess where there were significant differences in nevirapine AUC and the median time for nevirapine concentrations to reach 10 ng/mL post-partum among the three genotypes. Mann-Whitney U-tests were used to compare nevirapine AUC between two genotypes. The QTLHAPLO program 21 was used to identify the association between the CYP2B6 haplotypes and the nevirapine AUC, using inferred haplotypes from individual genotypes at loci by an expectationmaximization algorithm, as well as their quantitative phenotypes, to estimate the parameters of the distribution of the phenotypes for subjects with and without a particular haplotype by a likelihood ratio test. The most significant haplotype from QTLHAPLO that survived multiple test correction was used to assess association with nevirapine AUC. Univariate statistical analysis was conducted using a linear regression model for baseline characteristics [age, weight, creatinine, serum glutamic pyruvic transaminase (SGPT), HIV-RNA viral load, CD4 cell count] and Kruskal-Wallis test for genetic variables. To determine the independent role of the genetic polymorphisms, a multivariate analysis was conducted using a backward stepwise linear regression model adjusting for baseline characteristics (dependent variable: nevirapine AUC and independent variables: baseline characteristics and all genetic variables). The multivariate analysis was repeated restricting to the variables associated with the nevirapine AUC in the univariate analysis at P,0.25. All statistics tests were performed two-sided by using the R statistic program (version 2.5.1) 22 and statistical significance was defined as P,0.05.
Results
Patient characteristics and frequencies of genetic polymorphisms
Three-hundred and thirty HIV-infected Thai pregnant women who participated in the PHPT-2 clinical trial were included in this retrospective analysis. Median [interquartile range (IQR)] age was 27 years (23) (24) (25) (26) (27) (28) (29) (30) , weight (taken at the last study visit before delivery) 63 kg (56-68), creatinine 0.60 mg/dL (0.50-0.70), SGPT 14 U/L (10-24), CD4 cell count 375 cells/mm 3 (235-532) and HIV-1-RNA viral load 3.91 log 10 copies/mL (3.21-4.53).
All 330 individuals were genotyped for nine SNPs: CYP2B6 (five SNPs); CYP3A4 (three SNPs); and ABCB1 (one SNP). The frequencies of each polymorphism are summarized in Table 1 . All polymorphisms were found to be in Hardy -Weinberg equilibrium. The minor allele frequencies (MAFs) for the CYP2B6 polymorphisms ranged between 0.25 and 0.37, while the MAFs for the CYP3A4 polymorphisms assessed were all ,0.02. The MAF for the ABCB1 3435C.T polymorphism was 0.44.
CYP2B6, CYP3A4 and ABCB1 genetic polymorphisms and nevirapine drug exposure post-partum
The median nevirapine AUCs for the CYP2B6, CYP3A4 and ABCB1 polymorphisms are summarized in Table 1 . The CYP2B6 516G.T polymorphism was not significantly associated with nevirapine AUC, but there was a trend towards higher exposure with the T/T genotype (P¼0.054). The median nevirapine AUC for women with either the 516 T/T or G/T genotype was significantly higher than those with the G/G genotype (P¼0.024, Figure 1a ). Among the other genetic polymorphisms evaluated within CYP2B6, two tagSNPs in CYP2B6 were significantly associated with nevirapine AUC. CYP2B6 g.18492T.C polymorphism was associated with a lower nevirapine drug exposure (P¼0.041). Median nevirapine AUC for women with the g.18492 C/T or C/C genotype was significantly lower than those with the T/T genotype (P¼0.018, Figure 1b) . The CYP2B6 g.21563C.T polymorphism was associated with a higher nevirapine drug exposure (P¼0.019). Nevirapine exposure for women with the g.21563 C/T or T/T genotype was significantly higher than those women with the g.21563C/C genotype (P¼0.017, Figure 1c ). Among the other genetic polymorphisms evaluated within CYP3A4 and ABCB1, none was significantly associated with nevirapine exposure.
Influence of a CYP2B6 haplotype (TGATC) on nevirapine drug exposure following intra-partum single-dose nevirapine
The frequencies of women with the CYP2B6 TGATC haplotype (g.3003T, 516G, 785A, g.18492T and g.21563C) were 59.7% (n ¼ 197), 34.5% (n ¼114) and 5.8% (n ¼19) for non-TGATC, TGATC heterozygous and TGATC homozygous genotypes, respectively. This haplotype was found to be significantly associated with lower nevirapine AUC (P¼ 0.0029). Median (IQR) nevirapine AUCs were 164.0 (141.3 -186.5), 143.1 (128.1 -177.6) and 139.0 (129.6 -159.0) mg . h/mL for women with non-TGATC, TGATC heterozygous and TGATC homozygous genotypes, respectively. Median nevirapine AUC for women with the non-TGATC haplotype was significantly higher than those with TGATC heterozygous or TGATC homozygous genotypes (P ¼ 0.0010, Figure 1d ). 
Multivariate analysis
To determine the independent role of the genetic polymorphisms, a multivariate analysis was conducted adjusting for the baseline characteristics and genetic variables; weight, creatinine, CYP2B6 g.18492T.C polymorphism and the TGATC haplotype remained significantly associated with nevirapine AUC in a multivariate analysis ( Table 2) .
Impact of CYP2B6 polymorphisms and haplotype (TGATC) on the persistence of nevirapine concentrations post-partum
The relationship between CYP2B6 polymorphisms and the time for nevirapine plasma concentrations to decrease to 10 ng/mL post-partum (approximate nevirapine IC 50 for wild-type HIV-1) was assessed. The CYP2B6 haplotype, TGATC, was significantly associated with the median time for nevirapine concentrations to reach 10 ng/mL (P ¼ 0.020). In the women with non-TGATC, TGATC heterozygous and TGATC homozygous genotypes, median times for nevirapine concentrations to reach 10 ng/mL were 18 days (IQR, 14 -20), 16 days (IQR, [14] [15] [16] [17] [18] [19] [20] and 14 days (IQR, 14 -18), respectively. Median time for nevirapine concentrations to reach 10 ng/mL in the women with non-TGATC was statistically significantly longer than those with a TGATC heterozygous or TGATC homozygous genotype (P ¼ 0.0060). For the individual CYP2B6 polymorphisms, 516G.T, g.18492T.C and g.21563C.T, none was significantly associated with the time nevirapine concentrations took to reach 10 ng/mL post-partum (P ¼ 0.050, 0.12 and 0.16, respectively). 
Discussion
In this study of HIV-infected Thai women who received a single intra-partum dose of nevirapine for the prevention of mother to child transmission of HIV-1, we found that host genetic polymorphisms of drug metabolizing enzymes can impact nevirapine concentrations post-partum. Interestingly, the increase in nevirapine exposure following intra-partum single-dose nevirapine was found to be less pronounced with the CYP2B6 516G.T polymorphism compared with that reported under steady-state conditions and the association with nevirapine exposure was borderline (P ¼ 0.054). Other CYP2B6 genetic polymorphisms, namely g.18492T.C, g.21563C.T and the haplotype TGATC, were found to significantly influence intra-partum single-dose nevirapine exposure. The CYP2B6 TGATC haplotype was associated with a shorter time for nevirapine concentrations to reach 10 ng/mL post-partum.
Within our study population of Thai women, the MAF for CYP2B6 516G.T was 0.336, which is similar to that reported in Black patients (0.34), but higher than reported for Caucasians (0.29). 23 Compared with other Asian populations, the MAF for CYP2B6 516G.T is higher in the reported study [Taiwan (0.141), Korean (0.15), Japanese (0.16) and Han Chinese (0.21)], with the exception of the Southern Chinese population (0.345). 24 Several studies have shown that the CYP2B6 516G.T polymorphism was associated with higher nevirapine plasma concentrations following chronic treatment in adults, 12, 13 whether administered once daily or twice daily. 25 Given this data it may be expected that the CYP2B6 516G.T polymorphism would also influence nevirapine concentrations following a single nevirapine intra-partum dose, but the impact was less pronounced. Several possible reasons could account for the different impact the CYP2B6 516G.T polymorphism has on nevirapine following chronic or single-dose administration. First, the physiological changes that manifest during pregnancy that affect drug disposition, particularly the temporal changes of hepatic metabolizing enzymes activities, 26 may reduce the impact of the CYP2B6 516G.T polymorphism. Secondly, the pharmacokinetics of intra-partum single-dose nevirapine and multidose nevirapine are quite different. During the first 2 weeks of multidose nevirapine treatment there is a 1.5-to 2-fold increase in nevirapine oral clearance and a decrease in the plasma terminal half-life from 45 to 25 h. 27 These changes in nevirapine pharmacokinetics have been attributed to the autoinduction of CYP3A4 and 2B6 enzymes, 28 and the differences in enzymes activities between single-dose and steady-state conditions may explain the limited impact of the CYP2B6 516G.T polymorphism on nevirapine concentrations following a single dose. Recently, in a small study of 34 healthy non-pregnant adults who were administered intra-partum single-dose nevirapine the CYP2B6 516G.T polymorphism was not associated with nevirapine exposure. 29 These data suggest that it is the lack of autoinduction of the CYP3A4 and 2B6 enzymes and not the physiological changes during pregnancy that is the major factor reducing the impact of the CYP2B6 516G.T polymorphism on nevirapine concentrations following a single intra-partum dose. Overall, in the context of intra-partum single-dose nevirapine for the prevention of mother to child transmission of HIV the CYP2B6 516G.T polymorphism seems to have limited impact on nevirapine pharmacokinetics.
We identified two tagSNPs in CYP2B6 that were significantly associated with nevirapine drug concentrations and their MAFs were relatively similar to that of CYP2B6 516G.T. The CYP2B6 g.21563C.T polymorphism was associated with higher nevirapine drug exposure while the CYP2B6 g.18492T.C polymorphism was associated with lower nevirapine drug exposure. The opposing impact of these two tagSNPs on nevirapine exposure demonstrates the complexity of nevirapine metabolism and genetic polymorphism. Indeed, a CYP2B6 haplotype, TGATC (g.3003T, 516G, 785A, g.18492T and g.21563C), a combination of alleles within CYP2B6, was found to influence nevirapine metabolism in this population. Women with the non-TGATC homozygous genotype were slower metabolizers compared with women with the TGATC homozygous genotype and nevirapine concentrations above its IC 50 (10 ng/ mL) persisted longer post-partum. Although higher nevirapine concentrations in the early post-partum period have been associated with the emergence of NNRTI-resistant virus post-partum, 6 the exact nevirapine concentration that continues to increase this risk of selecting drug resistant viruses has not been defined. There is a possibility that women with the non-TGATC homozygous genotype could have nevirapine concentrations persisting for a few days longer than women with this haplotype, but the consequence of these few additional days on the overall risk of selecting NNRTI resistance is unknown. Given the proxy status of these tagSNPs, it is possible that other genetic markers (SNPs or insertions/deletions) within linkage disequilibrium are the actual functional polymorphisms. 
The lack of an association between CYP2B6 516G.T polymorphisms and nevirapine exposure may also have been related to the role that CYP3A4 contributes to nevirapine metabolism following a single dose. Unfortunately, the MAFs of the three CYP3A4 polymorphisms assessed in this study were all ,0.02, therefore the association with nevirapine exposure could not be fully assessed. During chronic nevirapine treatment, CYP3A4, as well as CYP3A5, polymorphisms were not associated with nevirapine trough concentrations, 13 but the other CYP3A4 polymorphisms following both chronic and single dose administrations should continue to be assessed.
The ABCB1 gene encodes P-glycoprotein, which is a drug efflux transporter in the intestine, liver, kidney and blood-brain barrier. 25 The ABCB1 3435C.T polymorphism has been associated with antiretroviral drug concentrations, 16 but conflicting results have been reported on its effect on treatment response. 30, 31 Despite in vitro data suggesting that nevirapine is not a substrate for P-glycoprotein, 32 the effect of ABCB1 3435C.T polymorphism on nevirapine concentrations has been investigated and shown to be associated with nevirapine trough concentrations, 33 although this was not confirmed in a subsequent study. 13 The latter study is consistent with our finding that we found no association between the ABCB1 3435C.T polymorphism and nevirapine concentrations post-partum. However, it is becoming increasing clear that variability in ABCB1 and CYP3A4 stems predominantly from genetic variability in the transcription factors that regulate their expression. For example, the pregnane-X-receptor (PXR) regulates CYP3A4 and associations between PXR polymorphisms and CYP3A4 activity in vitro 34 and in vivo 35 have been reported. Thus the influence of transcription factor polymorphisms and nevirapine exposure following a single intra-partum dose warrants further investigation.
Intra-partum single-dose nevirapine, in addition to zidovudine prophylaxis from 28 weeks gestation, remains an important and effective regimen for the prevention of mother to child transmission of HIV in resource-limited settings, but minimizing the risk of selecting NNRTI resistance for mothers, and infected children, must be addressed given that generic fixed-dose combination regimens containing nevirapine are the most commonly used first-line treatments in such settings. The World Health Organization (WHO) currently recommends 7 days post-partum antiretroviral treatment with zidovudine plus lamivudine to reduce the development of NNRTI resistance, 26 but this may not be sufficient to cover all women. Studies are ongoing to address this question, such as the IMPAACT P1032 trial (NCT00109590; www.clinicaltrials.gov) in Thailand, which is comparing 1 week versus 1 month of antiretroviral post-partum treatment at preventing the development of nevirapine resistance mutations. Due to the relatively small impact of CYP2B6 polymorphisms on the persistence of nevirapine concentrations postpartum, it is unlikely that a woman's CYP2B6 genotype will need to be taken into account when determining the optimal post-partum antiretroviral strategy to prevent NNRTI mutations.
In conclusion, the data obtained in the present study suggest that following a single intra-partum dose of nevirapine, CYP2B6 polymorphisms account for some of the inter-patient variability of nevirapine concentrations and could cause nevirapine concentrations to persist slightly longer in some women. Theoretically, women who have nevirapine concentrations persisting longer would have a higher risk of selecting new NNRTI resistance mutations, but, given the magnitude of the effect of CYP2B6 polymorphisms on the persistence of nevirapine concentrations post-partum, the practical implications of these findings for the prevention of HIV transmission or selection of resistance mutations are likely limited.
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